Background: Visceral adipose tissue (VAT) is widely recognized as conveying the highest health risk in humans among the currently measurable adipose tissue compartments. A recent study indicated that the traditionally measured VAT area at L 4 -L 5 is not the VAT area with the highest correlation with total VAT volume. At present, it is unknown whether the area with the highest correlation is also the most strongly associated with obesity-related health risk. Objective: The study aim was to establish which VAT slice area(s) are most strongly associated with obesity-related health risk indicators. Design: The subjects were a convenience sample of healthy adults who completed whole-body magnetic resonance imaging (MRI) scans. The correlations, with appropriate adjustments, were examined between individual MRI slice VAT areas and fasting serum/plasma triglycerides (TG), high-density lipoprotein cholesterol (HDL), glucose, insulin and blood pressure. 
Introduction
Accumulating evidence suggests a close link between central adiposity and obesity-related morbidity and mortality. [1] [2] [3] [4] [5] A majority of studies report that visceral adipose tissue (VAT) conveys the highest health risks among the currently measurable adipose tissue compartments in humans. 1, 2, [6] [7] [8] [9] [10] Although there is still controversy surrounding the question of whether VAT is the cause of these health risks and whether VAT is a superior measure of obesity than subcutaneous adipose tissue or anthropometric measures, [11] [12] [13] [14] [15] investigators generally agree that these questions can best be answered by optimizing VAT measurement methods.
Computerized axial tomography (CT) and magnetic resonance imaging (MRI) provide the important opportunity to quantify VAT in vivo. Because the application of multi-slice volume imaging is limited by radiation exposure with CT and by the relatively high cost of image analyses with MRI, most investigators use a single cross-sectional image to measure VAT area in their research as a compromise between accuracy and cost. [16] [17] [18] [19] [20] [21] The accuracy of a single image slice in predicting obesity-related health risks is of particular importance for both future studies applying a single image slice for phenotyping subjects and for evaluating the large number of published reports over the past two decades that rely on a single slice as an estimate of total VAT. We recently systematically investigated the relationships between single VAT slice areas and total VAT volume in a diverse sample of healthy adult subjects who completed whole-body MRI scans. 22 Although the L 4 -L 5 level has been widely adopted for VAT measurement over the past two decades, we found that the correlation between VAT area at L 4 -L 5 and total VAT is lower than for single slice VAT areas 5-10 cm above the L 4 -L 5 level. This observation prompted us to investigate whether a single VAT slice area other than L 4 -L 5 is maximally associated with weight-related health risks. Recently, Kuk et al. 23 reported VAT measured at an upper abdominal level is more closely related to metabolic syndrome than VAT measured at the L 4 -L 5 level in a sample of 85 Caucasian men. At present, there is no reported investigation to identify the anatomic location of a single slice whose area is most highly correlated with health risk indicators in a large ethnically diverse sample of adult males and females. The aim of the present study was to investigate the relationships between single cross-sectional VAT image areas, total VAT volume and weight-related health risk factors in a large sample of adult subjects who completed whole-body MRI studies. Our focus was to identify the slice location with the strongest association to health risk factors with adjustment of age and ethnic groups. We also examined the associations between total VAT volume and health risk factors.
Methods

Protocol and design
The main study aim was to evaluate the associations between single cross-sectional image areas and total VAT volume with fasting serum insulin levels along with four metabolic syndrome clinical criteria components as defined by the Adult Treatment Panel III: 24 serum glucose, triglycerides (TG), high-density lipoprotein cholesterol (HDL) and systolic and diastolic blood pressure (SBP, DBP). Subjects were a convenience sample of healthy adults, over the age of 18 years, who completed a screening medical history, physical examination and blood studies. Race was established in each subject by self-report and included whites, blacks, Hispanics and Asians. Subjects who had a fasting serum glucose4140 mg/dl, serum TG4400 mg/dl, SBP4180 mm Hg, DBP4110 mm Hg or serum insulin 440 uIU/ml were excluded from participation. Specific lipid, insulin/glucose and blood pressure values were excluded from analysis in patients treated with lipid, glucose and blood pressure-lowering pharmacologic agents, respectively.
Data from three sites were combined to produce the final study database: Obesity Research Center, St Luke's-Roosevelt Hospital in New York (NYORC), University of Alabama at Birmingham (UAB) and Kaiser Permanente Northern California (KPNC), Oakland, CA. The NYORC data included two chronologically separated studies, one carried out between 1990 and 1995 and the other between 1995 and 2003. The remaining data were from CARDIA study participants at the UAB and KPNC sites 25 that were studied as part of the FRAM study. 26 
Anthropometric measurements
Body weight was measured to the nearest 0.1 kg and height to the nearest 0.1 cm using appropriately calibrated scales and stadiometers. Waist circumference was measured by trained observers between the lower rib margin and the iliac crest 27 with subjects standing with their heels together. Subjects weighing more than 136.2 kg (300 pounds) were excluded from the study due to the weight limit of the MRI scanner platform. Weight, height and body composition were evaluated on the same day as the screening examination.
Magnetic resonance imaging
Whole-body MRI scans were performed and analyzed as previously reported by our group. 28 
where V is volume, A i is each scan's cross-sectional area, h is the between-slice interval, t is the thickness of each slice and N is the number of total slices. Abdominopelvic VAT volumes were calculated using all slices between the dome of the liver and the bottom of the pelvis (abdominopelvic region), whereas abdominal VAT was calculated using all slices between the dome of the liver to one slice below the L 4 -L 5 level. Abdominal and abdominopelvic VAT were chosen in status, prone or supine position and blood work laboratory as independent variables. These regression analyses were conducted within each sex group. We then calculated the correlation coefficients between the residuals of each regression equation and VAT volume and single slice VAT areas for each slice. The calculated correlations were used to identify the slice location with the highest correlation with health risks. Differences between correlated correlation coefficients were tested using the method of Steiger.
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Levene's test was used to evaluate the equality of variance among groups and the Shapiro-Wilk test was applied to test the normality of the residual distributions. When necessary, health risk measures were mathematically transformed in regression models to normalize the residual distributions and to equalize the residual variance across centers or laboratories. Log transformations were applied initially and followed by Box-Cox transformations if necessary. 32 When the Box-Cox transformation failed to normalize the residual distributions or to equalize the residual variance across centers, subjects with residuals 43 s.d.s from the group mean were excluded from the analyses. Correlation coefficients were calculated both before transformation with the outlying subjects included and after transformation without the outlying subjects.
A polynomial curve was fitted to describe the smoothed relation of correlation strength for slice area and VAT volume over the range of different anatomic locations for men and women separately. A similar polynomial was fitted to describe the relationship between slice area and health risk measures. The location of the peak of the polynomial curve was taken as an estimate of the anatomic level of the single slice which would have the highest correlation between VAT area and volume or health risk measures.
All statistical analyses were carried out using SPSS (SPSS for Windows, 11.5, SPSS Inc., Chicago, USA). Two-tailed (a ¼ 0.05) tests of significance were used.
Results
VAT and health risk factor associations
The correlations between a single slice VAT area, total VAT volume, and fasting serum/plasma TG, HDL, glucose, insulin and blood pressure are presented in Table 2 .
In men, compared to abdominal VAT volume, the VAT area measurement located at L 4 -L 5 had significantly lower (TG, P ¼ 0.0002; HDL, Po0.0001; insulin, P ¼ 0.0001; DBP, P ¼ 0.0434) or equal (Glu, SBP, P40.05) correlations with health risk measures. The VAT slice 5 cm above and 5 cm below L 4 -L 5 also had significantly lower or equal correlations with health risk measures compared to abdominal VAT volume (Table 2 ). In contrast, the VAT measurement in men 10 cm above the L 4 -L 5 level had equal (Glu, SBP, DBP, insulin, P40.05) or significantly higher (TG, P ¼ 0.0026; HDL, P ¼ 0.0370) correlations with health risk measures than When the correlations between single slice VAT areas and health risk measures were compared with that of abdominopelvic VAT instead of abdominal VAT, the correlation coefficient ranking of VAT areas at different anatomic levels did not change (data not shown). The significance levels of the correlation coefficient differences between VAT areas and volumes also did not change.
When the data analyses were run without excluding outliers and without normalizing transformations on the dependent variables, the correlation coefficient ranking of VAT areas at the different anatomic levels did not change (data not shown). The significance levels of the correlation coefficient differences between VAT areas and volumes also did not change.
Polynomial interpolation
As contiguous slices were not available in this data set, we estimated the anatomic location of maximum correlation using polynomial interpolation. Fourth-order polynomials were fitted to the five correlation coefficients describing the relations between VAT area and health risk measures, and to single slice VAT areas and anatomic levels ( Figure 1 ) (equations not shown). The maxima of the fitted curves suggest that the single slice with the strongest association between VAT area and health risk measures is the same slice as the highest slice area in men (i.e. 10 cm above L 4 -L 5 ). However, in women, whereas the slice located at the L 4 -L 5 level had an equal amount of VAT to the slice 5 cm above the L 4 -L 5 level and had a higher amount of VAT than the slice 5 cm below the L 4 -L 5 level, the L 4 -L 5 slice had a lower correlation with health risk measures than either of the two single slices. The maxima of the polynomials relating correlation coefficients with anatomic location, and single slice area with anatomic location, occur at different anatomic locations suggesting that the slice with the largest area does not necessarily have the strongest association with health risks.
Discussion
After adjusting for age, race, menopause status, scan position and blood work laboratory in this large healthy subject pool, we found that the highest correlation between VAT area and health risk factors is 5 cm above or below the L 4 -L 5 level in women and 10 cm above the L 4 -L 5 level in men. This finding is consistent with others and our previous reports that VAT areas measured 5 cm above L 4 -L 5 in women and 10 cm above L 4 -L 5 in men have the highest correlations with total VAT volume. 22, 33, 34 The present study provided further evidence that a slice in the upper abdomen is a more appropriate Either log or Box-Cox transformed when needed to normalize the distribution of the residuals and to equalize the residual variance among groups; TG, and HDL in men and women, SBP in men were log transformed; DBP in men, SBP in women and insulin in men and woman were BoxCox transformed (l ¼ 1.1, À0.4, 0.3, 0.3, respectively). A related finding in the present study is that there are sex differences in the relationship between VAT slice area and obesity-related health risk factors. VAT area measured by single slices tended to be larger higher in the abdomen in male subjects than in female subjects. In addition, the best single VAT slice area related to health risk factors is located higher in the abdomen in males than in females; the slice located at 15 cm above L 4 -L 5 in men also had similar correlations to health risk factors as total VAT volume. In females, the VAT slice 5 cm below L 4 -L 5 had similar correlations to health risk factors as total VAT volume. This observation may be explained by the large pelvis of females that can accommodate more excess omental or mesenteric adipose tissue. In our previous study, we found that the slice at L 4 -L 5 in women had the largest amount of VAT, although this slice does not have the highest correlation with total VAT volume, 22 a finding confirmed in the present study ( Figure 1 ). VAT has two compartments, intra-peritoneal and extra-peritoneal adipose tissue (IPAT and EPAT). 30 Whereas EPAT components serve primarily as mechanical cushions for organs such as kidneys, rectum, uterus and bladder, IPAT depots are of high metabolic activity and thus may account for a large proportion of the between-individual variation in observed VAT volume. 22 Consequently, a slice that contains mostly IPAT may show the highest correlation between slice area and health risk factors even though the slice does not have the largest VAT area. IPAT is more mobile than EPAT and this may be why the large female pelvis can accommodate more IPAT (i.e., mesenteric AT) than the L 4 -L 5 level.
Another observation of this study is that an appropriately selected single slice location may have equal or higher correlations with health risk factors than total VAT volume. As multi-slice MRI scans are unavailable to many investigators because of complexity and high cost of imaging, our findings point to the potential of achieving equivalent or higher study power as multi-slice MRIs by using single slice imaging. If our results can be confirmed for other health risk factors, morbidity and mortality studies, the research field could benefit by increased study power and decreased cost.
In the last two decades, the L 4 -L 5 VAT area has been used as a measure of VAT in almost all studies, including both biological studies [16] [17] [18] [19] [20] [21] and method validations or optimizations. [35] [36] [37] 37, [41] [42] [43] [44] Whereas the choice of a selected slice for VAT measurement may have merit depending on the study aim, the level where the slice area has the highest correlation with health risk indicators is usually of the most interest to investigators. There are several limitations of the present study. We do not have continuous scans and the exact location of the slice with the highest correlation with health risk indicators cannot be identified precisely. We also cannot study landmarks such as L 2 -L 3 or L 3 -L 4 . The degree of correspondence between a single slice at L 2 -L 3 (usually located 7-8 cm above the L 4 -L 5 level) versus a slice 5 or 10 cm above the L 4 -L 5 level cannot be evaluated in the current study. In addition, our currently available data cannot be used to differentiate between IPAT and EPAT, and we cannot therefore identify the slice having the highest correlation with the proposed highly active IPAT compartment. As we did not adjust our analyses for multiple comparisons, there is a chance of a type I error occurring in some of the comparisons. However, as our study focus was on overall trends rather than on individual Visceral adipose tissue measurement W Shen et al comparisons, our conclusion would not be influenced by the presence of type I error in specific cases. Whereas the present study only focused on clinical components of metabolic syndrome in a cross-sectional convenience sample, metabolic syndrome includes other components such as atherogenic dyslipidemia, prothrombotic and pro-inflammatory status. 45 Furthermore, although practical metabolic syndrome clinical criteria have been widely adopted in recent years, there is still controversy on whether metabolic syndrome adds measurably to patient evaluation beyond that of the individual risk factors. 45 Our results should be cautiously applied until future studies confirm our findings in longitudinal data sets and population-based samples as well as for other obesity-related health risks or in patients with health-related disorders. Another limitation is that we have relatively small numbers of Hispanics and Asians and there may be metabolic difference within Asian populations. Our findings therefore should be applied cautiously in racial groups other than Caucasians and African Americans. We also note that the present study was based on correlations and we cannot conclude whether or not the relationships between VAT and health risks are causal. Similarly, whether or not VAT is the fat component that conveys the highest health risk is also beyond the scope of the present study. Future studies would need to examine the mechanisms linking adipose tissue distribution and health risks along with other potential influencing factors.
Conclusions
Single slice VAT areas 5-10 cm above the L 4 -L 5 level have a higher correlation with health risk factors than the VAT area at the traditional L 4 -L 5 level adjusted for age, race, menopause status, scan position and measurement laboratory. The present study results suggest that an appropriately selected single slice may have equal or higher power in detecting health risks than total VAT volume. Future studies need to validate our findings with health risk indicators other than those of the metabolic syndrome as well as morbidities and mortalities.
